Introduction
Organic semiconducting materials have attracted a lot of attention in the scientific community, because of their interesting physics and potential applications in lightemitting devices (LEDs), field-effect transistors (FETs) and photovoltaic devices (PVDs). In order to understand the electrical device properties of these organic semiconductors, direct measurements of the relevant energy levels for charge transport are valuable. These levels include the workfunctions of the metal electrodes, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the organic semiconducting materials. Besides ✉ Fax: +31-50/363-4879, E-mail: jonkman@phys.rug.nl the absolute values of these energy levels, also their mutual alignment at interfaces is important, since it was recently shown that the use of the so-called vacuum-level alignment principle may lead to erroneous results [1] [2] [3] [4] . The misalignment of the vacuum levels is caused by interfacial dipole layers whose mechanism is not completely understood.
Of all the organic semiconducting materials C 60 is of special interest because of the spectacular results obtained with this material in PVDs and in FETs. In PVDs, C 60 acts as a very efficient electron acceptor, stabilizing the meta-stable chargeseparated state after the fast (sub-picosecond) photoinduced electron transfer from the electron donor [5] [6] [7] . In FETs based on C 60 , switching is possible from an insulating to a superconducting state, with a transition temperature, T c , peaking at 52 K [8, 9] .
In these devices, interfaces play an important role: in FETs, charges are induced in the organic layer closest to the gate. So, the conduction channel is not somewhere in the bulk, but confined to a thin layer at the organic/insulator interface. In bulk heterojunction-based PVDs the photoinduced charge transfer occurs at the donor/acceptor interface. In both types of devices, as well as in LEDs, the metal/organic interface is important since the charges have to cross it under device operation.
In organic PVDs the origin of the so-called open-circuit voltage (V oc ) is not well understood. The experimental indications are that the V oc is nearly independent of the metal-electrode workfunction, which is contrary to what one naively would expect. Therefore we decided to investigate the energy-level alignment at polycrystalline Ag/C 60 and Au/C 60 interfaces, since these are the actual metal electrodes in the devices.
Energy levels at interfaces may deviate substantially from the bulk due to the asymmetry in their environment resulting in a different polarization of the surrounding medium. To indicate the importance of the environment on the molecular orbital structure, Fig. 1 shows the electron affinity (E A ) and the ionization potential (E I ) of C 60 in three different systems: as isolated molecule (A), on the surface of bulk C 60 (B) and in a monolayer of C 60 on a Ag surface (C). The energy difference between E A and E I (the conductivity gap) is reduced by a factor of 2 when comparing the energy levels of an isolated molecule with those of a C 60 monolayer on Ag (111). Values taken from [13, 21, [34] [35] [36] [37] [38] [39] In the system depicted by Fig. 1c , the metal stabilizes the charged state of the C 60 -ion, since the metal effectively screens the ion. This screening may be understood by using the image potential model [10] . The stabilization of the C 60 -ion by this polarization effect increases the electron affinity to approximately 4 eV, a value close to the workfunction of common metals. If we take into account that the width of the lowest unoccupied molecular orbital (LUMO) of C 60 is approximately 1 eV and assume vacuum level alignment for the moment, we can anticipate that the lowest unoccupied molecular orbital of C 60 on metals with a workfunction of around 4.5 eV or lower may be partially filled [11] . This is indeed observed for C 60 deposited on Ag [12] . However, when C 60 is deposited on Au with a workfunction of around 5.2 eV one can also observe a partial electron transfer from the metal to C 60 [12] . Such a process seems unlikely to occur if the vacuum levels on both sides of the interface are aligned, see Fig. 1 . Many metal/C 60 interfaces have been studied and substantial workfunction changes have been observed (see for example [13] [14] [15] [16] [17] ). At these interfaces electron transfer from the metal substrate to the C 60 monolayer was observed but the charge transfer could not explain the observed workfunction change of the C 60 overlayer. The authors explain their observations by the supposed metallic nature of the C 60 overlayer, making the workfunction of the C 60 overlayer independent of the metal substrate. Although this does not explain the observed differences in workfunction of the C 60 overlayer of 4.7 eV for C 60 on Au (111) Here we report on interfaces formed by depositing C 60 on polycrystalline Ag and Au films. First we discuss the polycrystalline Ag/C 60 interface and explain the observations in terms of screening effects and interfacial charge transfer. This interface is adequately described elsewhere [10, 12] , and is mainly used here as a reference. Second, we discuss the polycrystalline Au/C 60 interface and come to the conclusion that the spectra cannot be explained using the same concepts. We propose an explanation for the experimental findings on the polycrystalline Au/C 60 interface by describing three interacting effects. First, a screening effect of the metal-substrate reducing of the on-site Coulomb interaction leading to a reduction of the energy gap between occupied and unoccupied levels. Second, broadening of the spectral features due to hybridization between the Au 6sp-band and the occupied π and unoccupied π * orbitals of C 60 . The combination of the reduced gap and the spectral broadening results in an electron transfer from the metal substrate to the C 60 LUMO. Third, a dipole field at the Au/C 60 interface caused by the deposition of C 60 onto the clean Au surface. The adsorbed C 60 molecules redistribute the Au 6sp electrons whose wavefunctions extent far into the vacuum prior to the adsorption of C 60 to the substrate. This redistribution causes a dipole layer in the first Au layer. This field opposes the electric field caused by the electron transfer from the metal substrate to C 60 . Further we speculate that hybridization occurs between the Au 6sp-band via the Au 5d-band with the valence orbitals of C 60 in a process that resembles back-bonding, a mechanism found in organo-metallic complexes.
Experimental
All experiments were performed in a UHV system consisting of an entry-lock, a preparation chamber (with a base pressure < 2 × 10 −9 mbar) and a measurement chamber (with a base pressure in the low 10 −10 mbar). The preparation chamber was equipped with a C 60 evaporation cell of our own design, a layer-thickness monitor (Sycon instruments, STM-100), a sample annealing stage and a Knudsen cell for Au depositions. Clean polycrystalline Au films were prepared in situ by deposition of Au (thickness > 50 nm) on a cleaned Si-wafer. Metal strips clamped the Si-wafer to a metal sample plate assuring a good electrical contact between the gold film and the sample plate.
Polycrystalline Ag substrates were directly mounted on the sample plate and thoroughly cleaned by polishing and washing in an ultrasonic bath with toluene and acetone as solvents. Next, the Ag substrates were inserted in the preparation chamber where they were sputtered to obtain clean polycrystalline surfaces. Ultraviolet photoemission spectroscopy (UPS) was used to check the cleanliness of the metal substrates. During C 60 deposition the pressure in the preparation chamber increased to around 5 × 10 −8 mbar. C 60 monolayers on Au were prepared using a distillation procedure described elsewhere [20] .
UPS was carried out in a separate chamber using a combined UPS/XPS measurement system (Vacuum Generators). UPS spectra were taken with He-I radiation (hν = 21.22 eV) with an overall resolution of 0.15 eV. All spectra were corrected for the contribution of the He-I satellite.
For the workfunction measurements, the sample was biased to −3.00 or − 4.00 V to improve the onset of the spectrum in the low-kinetic-energy region (secondary-electron
